Weyl semimetals are characterized by Fermi arc surface states. As a function of surface momentum, such arcs constitute energy-degenerate line trajectories terminating at the surface projection of two bulk Weyl nodes with opposite chirality [1] [2] [3] [4] [5] [6] . At these projection points, the Fermi arc transcends into a bulk state, and as such yields an intricate connectivity of surface-localized and bulk-delocalized states [7] [8] [9] . Spectroscopic approaches face the challenge to efficiently image this surface-bulk transition of the Fermi arcs for topological semimetals in general. Here, employing a joint analysis from orbital-selective angle-resolved photoemission and first-principles calculations, we unveil the orbital texture on the full Fermi surface of TaP. We put forward a diagnosis scheme to formulate and measure the orbital fingerprint of topological Fermi arcs and their surface-bulk transition in a Weyl semimetal.
The discovery of topological insulators gave birth to the present field of topological quantum states in crystalline solids 10 . In a recent breakthrough, the notion of topological phases of matter was extended from insulators to gapless semimetals 1,2,9,11 . A paradigmatic example is the Weyl semimetal 5, 6 , whose band structure features topologically protected band touching points near the Fermi level, called Weyl nodes.
Probably the most striking manifestation of the topological properties in a Weyl semimetal is the existence of unconventional Fermi-arc surface states. As a function of surface momentum, these states form non-closed Fermi-surface segments that connect to the surface projections of two bulk Weyl nodes of opposite chirality 1,2 . Near such projected Weyl nodes, the Fermi arc transcends into a bulk state and its wave function delocalizes into the bulk of the crystal. This transcendence regime is fundamental to the topological physics of Weyl semimetals, and it underlies unique electronic 12 and spectroscopic 13 phenomena in topological semimetals in general, such as non-local Weyl orbits 14 .
In this work we reveal the critical role of the orbital degree of freedom in mediating the topological surface-bulk connectivity in Weyl semimetals. Employing angle-resolved photoemission experiments and first-principles calculations, we unveil a complex orbital texture of the Fermi surface in the Weyl semimetal TaP. Our measurements evidence rapid rearrangements in orbital composition of the surface states near projected Weyl nodes, and show that arcs connecting different pairs of Weyl points feature distinct orbital symmetries.
Previous works on topological insulators and topological crystalline insulators uncovered the importance of orbital textures for a realistic description of the topological surface states and a variety of their properties 10, [15] [16] [17] [18] . In Weyl semimetals, pronounced modulations of the Fermi-arc spin texture near projected Weyl points 8 as well as a highly momentum-dependent orbital texture 19 have been predicted by first-principles calculations. Yet, experimentally such orbital dependences in the surface electronic structure of Weyl semimetals have remained elusive.
TaP crystallizes in the non-centrosymmetric space group I4 1 md, as shown in Fig. 1a . Its bulk band structure features 24 Weyl points in the Brillouin zone [3] [4] [5] [6] 8, [20] [21] [22] . A projection on the (001) plane gives rise to two inequivalent sets of projected Weyl points, W 1 and W 2 . The calculated band structure of the P-terminated TaP(001) surface in Fig. 1d highly accurately matches with our ARPES measurements in Fig. 1e -f, in particular regarding the bands close to the Fermi level which are relevant for the topological properties. In turn, by comparing theory and experiment, we identify all main spectral features in the experimental data as surface states. The calculated Fermi surface of TaP(001) in Fig. 1b is composed of the spoon-shaped feature α, the neck feature β, as well as the outer bowtie-shaped feature γ around theX-andȲ -points. As seen in Fig. 1b , the projected Weyl nodes W 2 and W 1 are located approximately at the connection points of the features α and β as well as γ and β, respectively.
Based on the precise consistency of the experimental and theoretical band structures, we shall now address the orbital composition of the Fermi-arc surface states. To this end we make use of parity selection rules within the dipole approximation for photoexcitation with linearly polarized light 16, 18 . The experimental geometry is shown in Fig. 1c , in which the light electric field vector is given by (0, E y , 0) for s-polarization and by (E x , 0, E z ) for p-polarization. We acquried ARPES data as a function of both in-plane momentum components without changing the experimental geometry by employing custom-made deflectors. Using p-polarized light, incident along the emission plane, only even orbital components of the initial state contribute to the photoemission intensity, while for s-polarized light only odd components contribute. As indicated by arrows in Fig. 2a-d , for different light polarizatons we observe pronounced intensity variations in the measured Fermi-surface contours close to the projected bulk Weyl points W 1 and W 2 [cf. Fig. 1b ]. We will show in the following how these variations reflect characteristic orbital-texture modulations of the topological Fermi arcs.
For s-polarized light the intensity of the states α and γ is almost entirely suppressed along k x , i.e. within the plane of light incidence (Fig 2c-d ). This suppression persists over a wide range of excitation energies (see supplementary note I), demonstrating that it is independent of the photoelectron final state and related to the symmetry of the initial state. From the experimental data, we therefore infer an almost purely even orbital symmetry for the states α and γ relative to the xz mirror plane. This pure orbital symmetry of the Fermi-arc states is in striking contrast to the orbital wave-function of the surface states in topological insulators that show a strong mixing of even and odd orbital components 16, 18 .
Our first-principles calculations in Fig. 2 confirm the experimentally determined orbital symmetry. Along k x the state α is composed predominantly of Ta d x 2 −y 2 and P p x orbitals, and the state γ consists mainly of P p z and Ta d z 2 outof-plane orbitals. 19 Hence, while both features derive from even orbitals, the overall orbital texture on the Fermi surface varies from out-of-plane near the Brillouin zone boundary towards in-plane near the center. This is corroborated by the photon-energy-dependent ARPES data in Fig. 2e obtained with p-polarized light. Along either +k x or −k x , the state α shows complete intensity suppressions over several intervals of photon energy. Such a pronounced linear dichroism can be attributed to the sizable in-plane p x orbital component of α, 23, 24 mainly coupling to the in-plane component E x of the light electric field. By contrast, E x is expected to couple less strongly to out-of-plane d z 2 and p z orbitals, as reflected by the weaker dichroism for γ.
Considering next the full momentum dependence of the ARPES data sets, we find that the intensity distributions obtained with s-polarized light in Fig. 2c-d show sharp changes near the W 2 Weyl points, where the spoon feature α evolves into the neck feature β. In particular, along k x the intensity of α is suppressed while β shows appreciable intensity. Our calculations in Fig. 2f demonstrate how this is related to rapid changes of the Fermi-arc orbital texture near W 2 . Specifically, we find a dominating odd d yz orbital component for β as opposed to the predominantly even orbitals contributing to α. By contrast, along k y the intensity quickly increases when passing through W 2 from β to α. This is in line with the large p y orbital contribution for α that couples to the E y component of the s-polarized light.
In the Fermi surfaces measured with p-polarized light in Fig. 2a-b we also observe pronounced intensity variations near the W 2 points, as indicated by arrows, further substantiating Fig 1b] pronounced changes in the ARPES intensity are observed (indicated by arrows), evidencing pronounced rearrangements in the orbital composition. e, Photon-energy-dependence of the ARPES intensity at EF and ky =0 for p-polarized light. f, Calculated Fermi surface projected on different Ta 5d and P 3p orbitals in the surface unit cell. A projection on the dyz orbital is shown for a unit cell in the bulk. the change in orbital nature of the Fermi arcs. Moreover, close to the projected W 1 Weyl points, where γ evolves into β, the ARPES data show similarly pronounced intensity changes as near W 2 . This observation is in line with our first-principles calculations revealing an abrupt change in orbital character near W 1 from d z 2 and p z for γ to mainly d yz /d xz for β. A full set of the calculated orbital-projected Fermi surfaces in the bulk and at the surface is given in supplementary note II.
The fact that the observed orbital-texture changes occur in close proximity to the projected Weyl points indicates that these changes arise from the topological connectivity of the Fermi arcs and the bulk band structure 7, 9 . Our calculations in Fig. 3 indeed show how the reorganization of the orbital wave function is directly linked to the momentum-dependent bulk propagation of the Fermi arcs. The states α and γ are wellseparated in momentum space from the projected bulk Fermi surface, protecting them from delocalization into the crystal volume 13 . Their wave functions are, accordingly, highly surface-localized and have a large contribution of dangling p orbitals of the surface P atoms 13 . Near the projected Weyl points, the wave functions propagate deep into the bulk, as directly seen in Fig. 3b .
By comparing the orbital character on the bulk and the surface Fermi surface, we find that, in the course of approaching the projected bulk continuum, the surface states adjust their orbital symmetry to the one of nearby bulk states, as shown explicitly for the d yz orbital component in Fig. 2f . Note that, in general, a surface state may retain its surface localization even when dispersing through a projected bulk continuum, as long as the surface and bulk states feature distinct symmetries 25 . In this regard, it is the adjustment in orbital symmetry to the continuum states that allows the Fermi-arc surface states to delocalize into the bulk and to merge with the Fermi-arcs of the opposite surface.
While orbital-related phenomena in the electronic structure of topological and strongly correlated materials have been extensively discussed recently [15] [16] [17] [18] [26] [27] [28] , the orbital-texture characteristics of topological Fermi arcs, reported here, are distinct in that they arise from the non-trivial connectivity of surface and bulk band structure. The latter is a hallmark feature of topological semimetals and underlies unusual electron transport phenomena in these materials 12, 14 . The present results establish the analysis of orbital textures as a way to distinguish the surface and bulk character of electronic states in topological semimetals.
Our experiments and calculations reveal pronounced variations of the Fermi-arc orbital character arising from the topological connectivity to the bulk band structure. Given the inherently strong spin-orbit coupling in TaP and related Weyl semimetals, these variations in orbital composition will also affect the spin polarization of the Fermi arcs. Modulations of the Fermi-arc spin texture near projected Weyl nodes, similar to the ones observed here for the orbital texture, have indeed been predicted theoretically 8 . Pioneering works demonstrated a spin polarization of the Fermi arcs 19, 29 , and novel spin-imaging ARPES experiments 30, 31 might be able to reveal such spin-texture modulations across momentum space, when combined with the orbital-selective excitation of the Fermi arcs demonstrated here. In view of previous findings of orbital-dependent Dirac states in topological insulators 16 and topological crystalline insulators 17 , we expect that the orbital nature of the Fermi arcs will also manifest itself in their scattering properties. Orbital-dependent coherent scattering has been observed in quasi-particle interference imaging of topological crystalline insulators and other spin-orbit compounds 17, 32 . For the presently studied Fermi arcs, such orbital-dependences might complement or even enhance previously reported effects related to the momentum-dependent bulk delocalization of the wave function 13 .
I. METHODS
TaP single crystals were prepared via chemical vapour transport in sealed silica ampoules. The ampoules were loaded with a stoichiometric ratio of tantalum (foil) to red phosphorus (chunks), such that the total reaction mass was 1 g. Elemental iodine (∼2.5 mg/cm 3 ) was added, and the ampoules were sealed under vacuum (∼70 mTorr). The ampoules were then tilted ∼20
• from the horizontal as indicated by Li et al 33 and placed in a single zone tube furnace with a defined temperature gradient. The ampoules were heated at 5
• C/hr to 500 • C, held at 500
• C for 24 hours, and then heated to 1000
• C at 5
• C/hr. They were placed in a temperature gradient (T H :T C =1000
• C: 940
• C) for approximately 3 weeks and then cooled to room temperature by switching off the furnace. Tetragonal crystals of TaP as large as 1mm 3 were obtained by this method. Single crystal x-ray diffraction 34 confirmed the phase and the stoichiometry was verified by EDS (Zeiss 1540 XB Crossbeam Scanning Electron Microscope).
We performed ARPES experiments on the TaP single crystals at the Microscopic And Electronic STRucture Observatory (MAESTRO) at beamline 7 of the Advanced Light Source (ALS) in the photon energy range of 60 eV −180 eV. The slit of a Scienta R4000 electron analyzer was aligned in the plane of light incidence, namely the xz-plane as shown in Fig. 1(c) . The ARPES data were collected using custommade deflectors which enable collecting ARPES spectra over a full Brillouin zone without moving the sample and thus al-low to retain the X-ray focus on small sample domains. The total energy and momentum resolutions were ≤ 30 meV and 0.01Å −1 . Measurements were performed in ultra-high vacuum of lower than 1 × 10 −10 mbar for the samples cooled down below 20 K.
For the theoretical study of TaP we considered a supercell made of 7 repetitions of the unit cell along the (001) direction and applied first-principles calculations based on density functional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) 35 . The projector-augmentedplane-wave (PAW) method was used by expanding the KohnSham wavefunctions into plane waves to an energy cut-off of 300 eV 36 . Spin-orbit coupling was included self-consistently and the exchange-correlation was computed within the generalized gradient approximation as parameterized in the PBE-GGA functional 37 . For the self-consistent computation we sampled the Brillouin zone on a 14 × 14 × 1 k-point mesh, while we used a finer grid of at least 256 × 256 points for the Fermi surfaces. The unit-cell parameters used in the calculation were a = 3.32Å and c = 11.34Å. The vaccuum layer had a thickness of 11.90Å. The surface and bulk character were obtained by projecting on the atomic Ta-and P-orbitals in the topmost and in the fourth unit cell, respectively. In order to match the experimental chemical potential the calculated band structure was shifted rigidly by 50 meV to higher energy. The surface bands of the Ta-terminated slab side were removed in the figures of the main text, see supplementary note III. 
